INTRODUCTION
In many fermentations bioconversion is limited by end-product inhibition. Integration of fermentation with product recovery has been proposed to counteract this problem [l] . Extractive fermentation is one of several technologies of this sort that have been proposed. In this process continuous removal of product is accomplished by solvent extraction, thereby maintaining high specific growth rate of the microorganism and minimizing endproduct inhibition. Another potential advantage of an extractive fermentation process is reduction of product recovery costs.
Adsorption of the product can provide similar benefits.
Extractive fermentations for production of ethanol and acetonebutanol have been investigated [2-91. Extractive fermentation has also been explored in recent years as an option for the recovery of high boiling products, such as organic acids.
Separation methods based upon volatility, such as distillation and flash evaporation, are infeasible or not economical for recovery of products of such low volatility [lo].
Several authors [e.g. ,11-151 have studied lactic acid fermentation using Lactobacillus delbrueckii. In such processes, an extractant could separate lactic acid from the fermentation broth, ' I thus increasing the pH value of the broth. This would reduce or eliminate the inhibition effect due to low pH in the fermentation process.
In general, to achieve effective extraction during fermentation, it is necessary to operate under acidic conditions, since it is the carboxylic acid that is the desired product, and not the carboxylate anion. Agents taking up the carboxylate anion are difficult to regenerate and/or do not produce the free acid. At higher values of pH, the efficiency of extraction is reduced, as the carboxylic acid is present to increasing degrees as the carboxylate anion.
However, the pH is also known to influence the kinetics of cell growth. Organic acids have-different inhibitory effects on growth of the microorganism, depending on whether they are in an ionic or undissociated form. The schematic of the extractive fermentation system is shown in Figure 1 . The fermentation medium is contacted with the solvent continuously to remove lactic acid. The extraction occurs directly in the fermenter or in an external recycle loop. One possible advantage of the external loop is that residues of the extractant or solvent can be removed before the medium is returned to the fermenter. The model has been set up with contact occuring in an external recycle loop. The case of extraction directly within the fermenter corresponds conceptually to an infinite flow rate in the recycle loop.
In the mathematical model the following assumptions are made: (1) Extraction is by reversible chemical complexation with simple equilibrium and continuous lactic acid removal.
A typical amine extractant with a proton-donating diluent is selected. It is assumed that only (1,l) complex formation of lactic acid with the extractant occurs. (2) and (4) form a system of partial differential equations describing the problem to be solved, Initial conditions for these partial differential equations are given as:
For simulation a forward difference technique is employed. The difference equations are where HA corresponds to lactic acid, B to amine extractant, and HAB to complex. Organic phase species are marked with an overbar.
The apparent equilibrium constant, Kll, for the overall reaction is:
where species concentrations are denoted by square brackets and are expressed in molar terms.
The dissociation equilibrium of lactic acid is described as follows: where Bo is the initial concentration of amine extractant and @ is a correction factor taken to be the volume fraction diluent in the solvent mixture. Equation (11) C,(,, and C,,,, using equations ( 1 2 ) , (13), (14), (15) and (16 
Equation (19) can be written in forward difference form:
Equations (17), (181, (19) and ( The results confirm that the higher p H value at which the extractive fermentation is performed, the faster the growth rate of the microorganism, the higher the lactic acid productivity, and the lower the acid concentration in the solvent (see Figures 2 and 3 ) .
The medium recycle flow rate is an important parameter that affects the difference in p H between the fermenter and extractor. The pK in the extractor approaches that in the fermenter for a very large medium recycle flow rate (see Figure 4 ) .
However, operating an extractive fermentation at higher pH entails some adverse effects. Besides there being lower acid concentration in the solvent, regeneration of the extract becomes more difficult On the other hand, it is necessary to maintain a finite recycle rate, called as dilution rate (= FR/V), so as to remove the endproduct continuously, keeping the pH in the fermenter approximately constant without consumption of other chemicals. The recycle rate required is related to the pH in the fermenter. If the extractive fermentation is operated at a higher value of pH, the recycle rate would be increased considerably (Figure 4 ) because the undissociated acid concentration, which is the recovered species, is very low. But, it is impractical to employ too a large recycle rate f o r extractive fermentation because of large capital investment and large energy consumption.
against the disadvantages, the optimal value of pH is likely to be in the range 4.50 - 5.50 .
To analyze the effects on extraction fermentation of different pH values the following four sets of operating conditions were postulated to simulate the performances of processes. In the simulation the recycle rate (FR/V) is constant at 10 h-l.
Simulation results for these four situation are summarized in Table   2 . The simulation result from these conditions is shown in Figure 6 .
The time in which 99% glucose has been consumed decreases to 5.8 h.
The cell density increases quickly from 2 g/L to a final value The total lactic acid produced is about 41.2g per liter medium, and the productivity is found to be 11.76 (1)It is obvious that fermentation to produce lactic acid operates more effectively at a higher value of pH. In Situation 2, due to the reduced lactic acid inhibition, cell density showed an increase of 2498 in 5.5 h at an increased pH of 5.0. And the lactic acid productivity is 4 times as large as that at an pH of 4.25.
(2)-increase of the initial cell density can improve the lactic acid productivity. But to maintain the pH at a higher value one needs a higher solvent flow rate, so that the product concentration in the solvent will not increase. Decreasing the lactic acid concentration in the broth from 18 .0 g/L to 13.5 g/L increases the lactic acid productivity somewhat. However, since the lactic acid concentration in the broth is low, the equilibrium concentration in the solvent is decreased.
(3)The key to increasing extraction efficiency is to identify liquid extractants or solid sorbents that are strongly enough basic to sustain capacity to several pH units above the pK, of lactic acid. In other words, the value of K,, (Eq.12) should be higher. However, an extractive fermentation operating a t an increased value of pH can bring about lower acid concentration in the solvent. Regeneration of the extract at a higher value of pH can also be difficult. Also, to maintain a higher pH in fermenter requires a very large medium recycle rate. The optimal operating value of pH has to be chosen considering the overall economics of the process.
Two other points in the model may be questioned. Simulation results show that the lactic acid productivity can be improved by using higher initial cell density or higher cell/medium ratio. Because undissociated lactic acid causes severe inhibition, an extractive fermentation process performs better at higher values of pH. But higher pH complicates recovery of the product and increases dilution. Consequently, there is an optimal value of pH.
The key problem to be overcome lies in the search for liquid extractants or sorbents conbiming strong extraction ability with economical regeneration and satisfactory biocompatibility. correction factor in equation (10) 
